If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material inaccessible and/or remove it from the website. Please Ask the Library: http://uba.uva.nl/en/contact, or a letter to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You will be contacted as soon as possible. ABSTRACT We report on radio observations of the 1999 September event of the X-ray transient V4641 Sgr (\XTE J1819[254\SAX J1819.3[2525. This event was extremely rapid in its rise and decay across radio, optical, and X-ray wavelengths ; the X-rays rose to 12 crab within 8 hr and faded to below 0.1 crab in less than 2 hr. Radio observations were made with seven telescopes during the Ðrst day following the onset of the strong X-ray event, revealing a strong radio source that was detected for 3 further weeks by the more sensitive telescopes. The radio source was resolved even in the Ðrst Very Large Array (VLA) images (September 16.027 UT), being long with an axis ratio of at least 10 : 1. The total Ñux D0A .25 density decayed by a factor of D4 over the Ðrst day, and by September 17.94 UT the radio emission was conÐned to a slowly decaying, marginally resolved remnant located at one side of the early elongated emission. The H I absorption spectrum gives a minimum kinematic distance of about 400 pc ; various other arguments suggest that the true distance is not much greater than this.
INTRODUCTION
A new X-ray transient was independently discovered in 1999 February by BeppoSax, designated SAX J1819.3[2525 (in Ït Zand et al. 1999 , and the Rossi X-Ray T iming Explorer (RXT E) Proportional Counter Array (PCA), designated XTE J1819[254 (Markwardt, Swank, & Marshall 1999) . Its early X-ray Ñux density varied between less than 1 and 80 mcrab. On 1999 September 15È16 the RXT E All-Sky Monitor (ASM) detected a very strong X-ray event (Smith, Levine, & Morgan 1999 ; D. A. Smith et al. 2000, in preparation ; Wijnands & van der Klis 2000) that reached a Ñux density of 12 crab and was above 1 crab for only a few hours. In the previous weeks variable star observers, who thought they were observing the variable star GM Sagittarii, had noted enhanced and variable activity in a star studied by Goranskij (1978 Goranskij ( , 1990 Èlater designated V4641 Sgr (Green 1999) . Williams (1999) remeasured a position for GoranskijÏs star, D32A from GM Sgr, and pointed out that GoranskijÏs star was probably the active star. A 0.4 Jy radio counterpart was found by Hjellming, Rupen, & Mioduszewski (1999) and conÐrmed by Gaensler et al. (1999) at the position of V4641 Sgr (Goranskij 1978 ; Williams 1999) .
On 1999 September 15.395 UT, the star now designated V4641 Sgr was found to have increased rapidly in optical brightness, to 1.1 Jy (Stubbings 1999 ; Kato et al. 1999 ) ; the optical Ñux density then decayed by a factor of about 4 over the next 12 hr. At the same time as the initial optical Ñare was detected, the RXT E ASM saw the beginning of the 2È12 keV X-ray Ñux increase from 0.2 to 12.2 crab over a period of 8 hr (Smith et al. 1999 ; D. A. Smith et al. 2000, in preparation) . Less than 2 hr after the peak of the very bright X-ray Ñare, the X-ray Ñux seen by the RXT E ASM rapidly declined to below 0.1 crab. Further analysis of the RXT E ASM data showed an earlier 4.5 crab event at 1999 September 14.89 UT, which lasted less than 3 hr. These events were also detected by Compton Gamma Ray Observatory (CGRO) Burst and Transient Source Experiment (BATSE ; McCollough, Finger, & Woods 1999) . The 20È100 keV CGRO BATSE and 2È12 keV RXT E ASM light curves are plotted as a function of UT time and ModiÐed Julian Day (MJD \ JD [ 2,400,000.5) in Figure 1a and 1b, together with spectral hardness (Fig. 1c) as determined from the RXT E ASM data. The visual light curve (Kato et al. 1999 ) is plotted in Figure 1d . The last panel (Fig. 1e) displays some of the radio data and the best-Ðt model light curves (discussed in detail below). This paper deals mainly with the very fast radio event in V4641 Sgr. We discuss Ðrst the evolution of the radio Ñux density and the relationships (see Fig. 1 ) between the radio, X-ray, and optical outbursts. We then turn to the extraordinary Very Large Array (VLA) images of the radio emission, which showed the source to be highly elongated and already quite extended within a day of the September (0A .25) 15.3 UT X-ray Ñare. Within 2 more days this extended source had vanished, leaving behind a stationary, marginally resolved, and more slowly decaying remnant which persisted for at least 26 more days. We show that both the radio morphology and the multifrequency radio light curves can be Ðtted by a simple two-component model and interpret the emission as the superposition of a relatively short-lived superluminal jet segment and a more slowly decaying jet segment that appears only in optically thin decay. We conclude by discussing the implications for other X-ray transients.
In this paper we refer to the X-ray, radio, and optical transient as V4641 Sgr, even though that name was not assigned (Green 1999 ) until 6 weeks after the 1999 September 14È16 events. Because of the many references to times, we will also often leave out the year and month when referring to a speciÐc date, so for example, 15.997 UT means 1999 September 15.997 UT.
THE RADIO, OPTICAL, AND X-RAY LIGHT CURVES

T he Radio Data
The rapid announcement and exchange of information by e-mail about the V4641 Sgr X-ray, optical, and radio event allowed seven radio telescopes around the world to observe the source within 24 hr of the initial X-ray detection. The full set of radio data are plotted in Figure 2 , and most are also listed in Table 1 .
The Ðrst radio detection was by the Green Bank twoelement interferometer (GBI) on 15.997 UT when V4641 Sgr was a 0.36 Jy radio source at 8.3 GHz. The GBI also detected it at 2.25 GHz, but Ñux densities at that frequency are not reported here because of the contamination by the strong radio source J1820[2528 located 22@ east of V4641 Sgr. By 16.065 UT the source had fallen to 0.27 Jy at 8.3 GHz, and when next observed by the GBI 2 days later, it was 0.012 Jy. After that the source was too weak to determine anything but large upper limits from the GBI data.
The VLA in its 36 km conÐguration observed V4641 Sgr at 1.42, 4.9, and 14.9 GHz from 16.020 to 16.053 UT. Two epochs at each frequency were separated by 30 minutes ; it was steady at 0. The next radio observations of V4641 Sgr were made at 16.66 UT with the RATAN 600 m telescope at 0.96, 2.3, 3.9, 7.7, and 11.2 GHz, measuring Ñux densities of 0.30, 0.16, 0.095, 0.05, and 0.04 Jy, respectively. One day later the source had fallen to 0.035 Jy at 3.9 GHz. The 16.66 UT data points were interpolated in frequency using the power law Jy to derive the Ñux densities at 1.4, 4.9, 8.4, and 0.3l GHz 0.85 14.9 GHz, which are plotted in Figure 2 .
The MERLIN array followed next, observing with one antenna pair between 16.729 and 16.896 UT and detecting a decline from 0.14 to 0.11 Jy at 1.42 GHz. The same MERLIN antenna pair also made 1.42 GHz observations between 17.708 and 17.896 UT, yielding a mean Ñux density of 0.075 Jy.
After September 16 the MOST observed the decay of the radio source at 843 MHz, obtaining Ñux densities of 0.12, 0.058, and 0.021 Jy on 17. 21, 18.16, and 20.20 UT, respectively. The VLA also continued to observe, tracking the decay at 1. 42, 4.9, 8.46, and 14.9 GHz. These data, together with those from the other six radio telescopes, are plotted in Figure 2 and listed in Table 1 . VLA observations were discontinued after October 7.95 UT, when V4641 Sgr had decayed to 0.13 mJy, because the optically thin decay curve and (e) radio Ñux density for three of the observed frequenciesÈall plotted in units of janskys or millijanskys as a function of UT time (top axis) and MJD \ JD [ 2,400,000.5 (bottom axis). The lines in (e) show the models for the plotted frequencies that Ðt both the radio light curve data and the observed imagesÏ structures (see°4.3.3).
was reasonably well established, and it was becoming difficult to get long enough observing periods on the VLA. The radio data after 16.4 UT, for all frequencies l º 1.4 GHz, are roughly Ðtted by the empirical decay formula Jy, with uncertainties of D0.24l
GHz 0.75(MJD [ 51,436.9)~1.9^0
.05 for both the spectral index and the power-law decay index.
The lines in the radio light curves in Figure 1e are derived from a model consisting of an optically thin remnant and a 0.3 day,^0.85c ejection of a Ðnite conical jet of relativistic electron plasma, emitting Ðrst optically thick, then optically thin synchrotron radio emission. The lines in Figure 2 are based on a single jet ejection model, which Ðts many but not all of these photometric data and fails to predict some of the main features in the observed images. This model, and the two-component model used in Figure 1e , are discussed in°4
.3.
T he H I Absorption Spectrum
The 21 cm H I absorption against V4641 Sgr was observed with the VLA on 17.9 UT, by which time the source had decayed to 0.037 Jy at 1.4 GHz. The absorption spectra toward V4641 Sgr and the nearby extragalactic radio source J1820[2528 are shown in Figure 3 . All the features seen toward the extragalactic source are also present toward V4641 Sgr. The corresponding (minimum) kinematic distance along this line of sight (Galactic coordinates is about 400 pc, using the rotal \ 6¡ .77, b \ [4¡ .79) FIG. 3 .ÈH I absorption spectra (Ñux density vs. LSR velocity) of the radio counterpart of V4641 Sgr (solid line) when the radio source was 37 mJy, and the calibrator J1820[2528 (dashed line) located 22@ east of V4641 Sgr. The velocity resolution is 2.6 km s~1. tion curve of Fich, Blitz, & Stark (1989) and adopting the IAU conventions of 8.5 kpc for the distance to the Galactic center and 220 km s~1 for the local rotation speed. The absorption also gives a lower limit on the H I column density of K) cm~2, where is the 6.3 ] 1020/(T spin /35 T spin spin temperature of the neutral gas, with 35 K a reasonable guess for the cold neutral medium which dominates the absorption (e.g., Kulkarni & Heiles 1988) .
T he X-Ray Data
The BATSE experiment on board CGRO (Fishman et al. 1989 ) was used to monitor the hard X-ray emission from V4641 Sgr. The BATSE Large-Area Detectors (LADs) can monitor the whole sky almost continuously in the energy range of 20 keV to 2 MeV with a typical daily 3 p sensitivity of better than 100 mcrab. Detector counting rates with a timing resolution of 2.048 s are used for our data analysis. To produce the V4641 Sgr light curve, single step occultation data were taken using a standard Earth occultation analysis technique used for monitoring hard X-ray sources (Harmon et al. 1992) . Interference from known bright sources was removed. A spectral analysis of the BATSE data indicated that the data were well Ðtted by a power law with a photon index of [3.5. The single occultation step data were then Ðtted with a power law with this index to determine Ñux measurements in the 20È100 keV band.
The soft X-rays, from 2 to 12 keV, were observed by the ASM experiment on RXT E and are plotted in Figure 1b . These same data were also used to derive two hardness ratios, based on the ratios of two pairs of Ñux densities : 3È5/2È3 keV and 5È12/3È5 keV, which are plotted in Figure  1c . The BATSE data are plotted in Figure 1a . Figure 1 compares the radio, X-ray, and visual (Kato et al. 1999 ) light curves. The optical light curve shows an initial level of enhanced optical brightness before the X-ray activity, followed by a sudden brightening to 8.8 mag [\1.1 Jy, using conversion to janskys from Fukugita m V et. al. 1995, and then a decay S(Jy) \ 3590 ] 10~mV@2.5] within 1 day with an apparent power law of D2(MJD [ 51,435.2)~5.5 Jy. It is striking that the optical luminosity was already in rapid decline by the time the strongest X-ray event began. This may be because the optical brightening was associated with the weaker X-ray event at September 14.89 UT, but it is also possible that the optical Ñare, seen only in decay, was a precursor to the largest X-ray outburst. The only other optical observations related to strong X-ray events were those of the 1996 X-ray outburst in GRO J1655 [40 (Orosz et al. 1997 ; Esin et al. 2000) and the 2000 outburst in XTE J1550[564 (Jain & Bailyn 2000) . In the case of GRO J1655[40, there was an exponential rise in optical luminosity that began 6 days before the X-ray outburst detected by the RXT E ASM and a very long D100 day optical decay following the reappearence of the soft X-ray source. In the case of XTE J1550[564, the optical counterpart was seen to have brightening before and decay after the X-ray outburst. Except for previously studied FIG. 4 .ÈPlots of the 4.9 GHz amplitudes as a function of baseline length projected along an axis at a position angle of 162¡ for (a) 1999 September 16.027 UT and (b) 1999 September 16.048 UT. The decline of the observed amplitude for longer baselines is an unambiguous sign that the source is resolved ; a point source would appear as a horizontal line (apart from thermal noise).
Relationships between the L ight Curves
sources like V4641 Sgr, where variable star observers regularly monitor optical activity and unusual but well-known sources like GRO J1655-40 and XTE J1550[564, X-ray transients are seldom observed just before their X-ray outbursts. The rapid optical decay seen here, preceding the strong X-ray outburst, could be a general feature of such outbursts.
A better established correlation in other X-ray transients is that between the initial production of a radio source, usually in the form of the beginning of ejection of a radioemitting jet, and either the initial appearance of the X-ray source or a sudden quenching of hard X-rays (Harmon et al. 1995 ; Hjellming & Rupen 1995 ; Hjellming 1996 ; Kuulkers et al. 1999) . In V4641 Sgr (Fig. 1) , an initial very brief 4.5 crab event on 14.89 UT was seen by both ASM and BATSE, but the strongest X-ray emission appeared in both soft and hard X-rays at 15.3 UT, followed by a sudden drop from peak Ñux levels between 15.70 and 15.77 UT. This decline also seems to have been simultaneous at 20È100 keV and 2È12 keV, but another very transient rise at 20È100 keV occurred on 15.8 UT, during a gap when V4641 Sgr was outside the RXT E ASM Ðeld of view.
Since no telescope caught the beginning of the radio event, it is difficult to make a direct connection between this and one of these well-deÐned X-ray features. However, the rapid radio decay, the radio images discussed in the next section, and what is known about other X-ray/radio correlations all suggest that most of the jet ejection seen in the radio light curves began either about the time of the strong X-ray rise starting at 15.3 UT or during the strong X-ray quenching near 15.8 UT. The detailed model Ðtting discussed in°4.3 gives an independent estimate that the main jet ejection event began about 15.32 UT (Fig. 1e) ; this seems quite plausible and implies that the most likely association is with the strong X-ray rise, as the hardness plotted in Figure 1c peaked and was beginning to decay. The Ðrst VLA observations of V4641 Sgr were made on 16.027 and 16.048 UT, less than a day after the beginning of the X-ray outburst which triggered those observations. Astonishingly, the source was already resolved. This can be seen directly from the calibrated 4.9 GHz visibility data. Note that calibration for V4641 Sgr is straightforward and reliable, since the source is only 22@ away from the strong (D1 Jy) pointlike calibrator J1820[2528, whose position is determined from VLBI measurements to better than 2 mas. This calibrator was observed immediately before each of the scans discussed here. Figure 4 shows plots of the 4.9 GHz visibility amplitude as a function of the absolute value of the projected distance between antenna pairs, in units of the observing wavelength, for two 7 minute scans taken on 16.027 (top) and 16.048 (bottom) UT. Each point represents a 10 s integration. The ordinate is the projection of the baseline length along a position angle (P.A.) of 162¡. A point source, such as a calibrator, would appear as a horizontal line (i.e., have the same amplitude for all projected distances), with some scatter due to the thermal noise. The fact that the observed visibilities fall o † as the projected baseline length increases is the clear and unambiguous sign of a resolved source. Figure 4a indicates that on September 16.027 the total Ñux density of the radio source was 0.42 Jy at 4.9 GHz, while the amplitudes for long north-south baselines fall to about 0.3 Jy ; 30 minutes later (Figure 4b ), the total Ñux density had declined to 0.40 Jy and the amplitude on the longest northsouth baselines had fallen to 0.28 Jy.
The qualitative behavior seen in Figure 4 could be produced by any number of source structuresÈan elliptical Gaussian, a double or a triple radio sourceÈall oriented at a position angle near 162¡ and with size or separations of
To be more quantitative, the AIPS program D0A .25. OMFIT was used to perform least-squares Ðts of these simple models to the visibility data. The results for a single elliptical Gaussian model are shown in the second and third columns of Table 2 . Fits using two point sources gave much larger values for the reduced s2 ; using three point sources was better but gave large errors for one component. After some trial and error, it was found that the best Ðts (signÐcantly better than for a single Gaussian) were obtained by using two point sources and an elliptical Gaussian, with the two point sources held at the same positions in each scan ; the results are given in the fourth and Ðfth columns of Table 2 . In these models, one point source was held Ðxed at the radio centroid, a \ 18h19m21s .634, (J2000), and the other at the position of d \ [25¡24@25A .60 radio emission seen on and after September 17.94 UT (see below), (J2000). a \ 18h19m21s .642, d \ [25¡24@25A .85 These three-component Ðts indicate that two things changed in a period of 30 minutes : the centroid of the elongated Gaussian moved along the direction of the major axis, which is on average 166¡ from the model Ðts and 162¡ from the visibility plots ; and the Ñux density of the Gaussian decreased by 28 mJy, reÑecting most of the change in the total Ñux over that same time period. The major axis of the Gaussian is and does not signiÐcantly change, and D0A .47 the axial ratios are too small to be determinable. These results are qualitatively consistent with the ejection of a highly relativistic jet.
Images
Looking at the visibility data directly showed that the radio source was extended and gave some quantitative estimates of its size and structure. But, those estimates depend somewhat on the model which is assumed for the source. In this section, we concentrate instead on making images from the same data, which involves certain technical difficulties but eliminates some of the bias inherent in model Ðtting.
VLA images made from the September 16.027 and 16.048 UT data at 4.9 GHz using the CLEAN deconvolution algorithm show a strong central radio source and extensions north and south of that source along a position angle 0A .25 of 162¡. Unfortunately, the synthesized instrumental beam (point-spread function) itself has an FWHM of 0A .8 ] 0A .3 and is elongated at roughly the same position angle (167¡). In these circumstances, CLEAN is not reliable, and the structure in these images may easily be a CLEAN artifact.
A much more reliable approach for strong but only marginally resolved sources is the Non-Negative Least Squares (NNLS) algorithm analyzed in detail by Briggs (1995) and implemented in AIPS]]. NNLS avoids the instabilities inherent in CLEAN by e †ectively Ðtting for all the pixels in the model image simultaneously, rather than iterating one pixel at a time. As discussed in detail by Briggs (1995) , this is a much more robust and reliable algorithm for slightly resolved sources, and the resulting images (Figures 5a and 5b) represent the best estimates available of the underlying source structure. These show an extended jetlike structure with the expected size of about and further suggest that 0A .25 the main morphological distinction between the two epochs was the spreading of the Ñux in the initial central peak (at 16.027 UT) out along the extended jet.
The Ðrst epoch of MERLIN observations on 16.8 UT showed the source varying from 0.14 to 0.11 Jy at 1.42 GHz. With a resolution corresponding to these data are con-0A .4, sistent with the size scale and north-south orientation seen in the VLA data earlier the same day. With only a single baseline available, it was not useful to analyze the MERLIN data in any more detail. Similarly, the 14.9 GHz VLA data taken on the same day are signiÐcantly less reliable than those at 4.9 GHz, since we had not yet realized the importance of rapid switching at this frequency (see below). The data are, however, consistent with those taken at 4.9 GHz and in themselves clearly suggest a resolved source.
The 16.027 and 16.048 UT images are linearly polarized as shown in Figure 6 , where we display the linearly polarized contours and E-Ðeld polarization vectors. While the peaks in Figures 6a and 6b are both 2 mJy, the total linearly polarized Ñux for the two epochs is 3.7 and 3.1 mJy, respectively, corresponding to the D1.5% linear polarization and indicating that the polarized emission is slightly resolved. These show that the magnetic Ðelds in the polarized regions have a position angle of about 5¡, which is 23¡ from the position angle of the images in Figure 5 . This indicates that the magnetic Ðelds, averaged over the synthesized beam, are elongated roughly but not exactly along the direction of jet motion.
September 17.94 UT and Beyond : A Marginally
Resolved, Stationary Core The next VLA observation took place on 16.94 UT. Unfortunately, by then the radio source had declined to much weaker levels, and the atmosphere above the VLA was exceptionally wet and turbulent because of a passing late-summer storm, so the structure could no longer be seen in the visibility amplitudes ; and since the phase selfcalibration necessary to remove atmospheric phase variations imposes the structure of any assumed model, required when there is no good initial image, reliable imaging was not possible. Figure 5c shows the next image, from 14.9 GHz observations taken on 17.94 UT : the extended component has vanished, leaving only a 7 mJy core located at the southern tip of the September 16 jet. These and subsequent data were taken in a "" fast switching ÏÏ mode, observing the nearby (22@ east) calibrator J1820[2528 every 60 s to ensure accurate phase calibration. Fast switching also ensures good positional accuracy, and the position of the 17.94 UT emission shown in Figure 5c is the same as that of all radio emission seen with the VLA between then and October 7.95 UT. The implications of this positional stability are discussed further below.
The mean position of the strongest components in the September 16 1.42, 4.9, and 14.9 GHz VLA data is (a \ (J2000), as reported by 18h19m21s .637, d \ [25¡24@25A .60) Hjellming et al. (1999) , with 90% conÐdence uncertainties of and We deÐne as and dA as the seconds and 0s .007 0A .1. arcseconds parts of J2000 right ascension and declination, so for the above mean position, and as \ 21s .637 d@@ \ 25A .60. Using this notation, the position of the September 17.94 UT core is and as \ 21s .634 d@@ \ 25A .85. Figure 5c and all later images (not shown) were made using the CLEAN algorithm, as the source had become too faint to use NNLS. However, we can still glean some information about the source structure, by noting that the peak FIG. 6 .ÈPolarization images at 4.9 GHz for (a) 16.027 UT and (b) 16.048 UT plotted in the form of E-Ðeld vectors and polarized intensity contours, where the peaks are 2.0 mJy, the total Ñuxes are 3.7 and 3.1 mJy, respectively, and the contours are linear multiples of 0.4 mJy. Vol. 544 Ñux density in the image increases as the image is convolved to lower resolutions. While difficult to quantify, this shows that the late-time radio source is at least marginally resolved, although not nearly as extended as that seen on September 16.
Summary of Imaging Results
The imaging results show that the initial structure contained a one-sided, probably highly relativistic jet, which decayed so rapidly as to be unobservable 1.9 days later. Subsequent images show a marginally resolved, stationary remnant left behind at the southern tip of the original jet, presumably associated with the core. The interpretation of these images, in the context of the radio light curves, is the subject of the next section.
THE NATURE OF THE RADIO SOURCE
The most striking features of the radio source associated with V4641 Sgr are 1. High surface brightness and linear polarization indicating synchrotron emission from a highly relativistic electron plasma with magnetic Ðelds ; 2. The presence of extended, highly elongated emission less than a day after the earliest likely ejection date, and only a half day after the most probable ejection data ;
3. The rapid disappearance of the early extended emission within the following two days ; and 4. The continued presence and gradual decay of a marginally resolved, stationary component for at least an additional 26 days thereafter. This component is located near the southern tip of the original, much more extended emission.
The rapid appearance of extended, roughly linear structure strongly suggests a relativistic jet like those associated with other X-ray transients. Both its apparent speed and the presumed association between the long-lived remnant and the original ejection site argue for the importance of relativistic e †ects such as beaming and time dilation, while adiabatic losses could easily explain its rapid decay. The longer lived remnant, on the other hand, must move rapidly enough to decay and become slightly resolved, while appearing to remain stationary as a whole. A single-ejection model cannot produce this combination because the remnant is more likely to arise from slower ejection of material. It therefore seems as if there are two completely independent sources which happen to coexist ; but, if the ongoing ejection is also through a jet, the two may actually be very closely related. SS 433 is an example of a long-lived jet whose ejecta last long enough to be seen a few arcseconds from the core. The superluminal jet sources GRS 1915]105 and GRO J1655[40 both behave similarly, with relatively stable central cores coexisting with the more famous extended jets. In both cases, only the most longlived ejecta are resolved by the VLA, while VLBI observations show similar jetlike structures which decay too quickly to get out that far.
The remainder of this section is devoted to making these statements more rigorous and complete, Ðrst by quantifying the observational constraints and then by formulating a simple model which can explain both the qualitative features of the source and the details of both the radio images and the multifrequency radio light curves. The model is basically that of Hjellming & Johnston (1988) , extended to allow for the ejection of Ðnite jet segments (rather than a simple continuous jet) and to account for relativistic e †ects, including beaming, time dilation, and relativistic radiative transfer along the line of sight.
T he Distance to V 4641 Sgr
The conversion of angular measurements to linear scales requires knowing the distance to the source. Unfortunately, for V4641 Sgr this distance is only partly constrained. The most direct indicator is the presence of an H I absorption feature at D5 km s~1, which gives a Ðrm lower limit of D0.4 kpc (°2.1.1). Various arguments suggest that the true distance cannot be much more than this. First, the Galactic latitude corresponds to z \ 84(d/1 kpc) pc below ([4¡ .79) the plane at a distance d. Most X-ray transient sources are associated with a disk population with a fairly low scale height ; taking pc as a reasonable upper limit gives z [ 400 kpc. Second, J. Greiner (1999, private communid [ 5 cation) has estimated a distance between 0.4 and 1.4 kpc based on the optical spectrum, with the nearer distance being most probable. Third, the angular size of the source, so soon after the X-ray Ñare, argues for a combination of a close distance and relativistic motion. As discussed in the next subsection, the radio images probably require proper motions of at least day~1. (Fender et al. 1999b ; Hjellming & Rupen 1995 ; R. M. Hjellming et al. 2000, in preparation) .
In sum, it seems very likely that V4641 Sgr is not too far beyond the minimum distance inferred from the H I absorption spectrum. For the remainder of the paper, we adopt d \ 0.5 kpc unless otherwise noted.
Proper Motion Estimates
By 16.027 UT, the source was already across.
D0A .25
What is known about X-ray/radio correlations in other sources suggests that the radio jet ejection began either near the strong X-ray rise starting at 15.3 UT or during the strong X-ray quenching near 15.8 UT (Fig. 1) ; an association with the very brief 4.5 crab X-ray event on 14.89 UT is possible but less likely. The corresponding proper motion is about These are probably underestimates of the true proper motion, since the outer edge of the source may already have decayed below visibility by the time of the Ðrst image. The second value of day~1, which we round o † to D0A .36 0A .4 day~1, is the most probable because 15.3 UT will later be shown to be the most likely time for the beginning of this jet ejection event.
By contrast, the slowly decaying residual source (the remnant) remains at the same position from 17.94 UT through October 7.95 UT, i.e., for a period of 26.0 days. As we will discuss later, this is probably due to a combination of the power-law decay of jet intensity as a function of distance from the point of ejection and the low dynamic range of the very weak source images.
A Jet Model Fit to the Radio L ight Curves and Images
Any detailed model for the V4641 Sgr radio source must Ðt both the overall radio spectral index and decay, embodied in the radio light curves, and the changing radio morphology, as seen in the VLA images. This combination provides strong constraints on possible models, as will be seen below. The most natural model is that of a relativistic, two-sided jet, as seen in SS 433 as well as in numerous X-ray transients and as suggested directly in this source by its elongated, asymmetric structure very soon after the X-ray outburst.
The apparent optically thin decay of D0.24l GHz 0.75(MJD [ 51,436.9)~1.9 Jy is typical for Ðnite jet segment models (R. M. Hjellming 2000, in preparation) . Such a decay can also be produced by a three-dimensional "" synchrotron bubble,ÏÏ slowed expansion event with time dependence (Shklovskij 1960 ; van der Laan 1966 ; Kel-
)~4c@5 lermann 1966 ; Hjellming & Johnston 1988) , where c is Ðxed by the observed spectral index a to be (S l P la) [2a ] 1 \ 2.5. Apart from not matching the Ðrst radio images, however, the synchrotron bubble model predicts ratios for the Ñux peaks at di †erent frequencies, during the transition from optically thick to optically thin, that are much larger than observed. We will therefore discuss only the Ðnite jet segment model in modeling the jet emission and features in the radio light curves.
Finite Jet Segment Model for Radio L ight Curve Events
Hjellming & Johnston (1988) developed a model for continuous jet ejection for radio sources such as SS 433. This model predicts extended radio emission with varying rates of power-law decay in the structure of the ejected material. If the supply of relativistic electrons at the base of these jets decreases, these models can match the slow decay of a marginally resolved radio source seen in the V4641 Sgr remnant on and after 17.94 UT. In addition, R. M. Hjellming (2000, in preparation) has recently shown that transient radio events can often be Ðtted by a simple variant of this model, allowing for the ejection of a Ðnite jet segment which then expands and decays. This provides a natural way to explain the initial jets imaged by the VLA on September 16. This section summarizes the basic equations for the Ðnite jet segment model, which are applied to V4641 Sgr below. The derivation follows that of Hjellming & Johnston (1988) , simply replacing the integral for the Ñux density with the same integral over changing inner and outer boundaries along the jet axis. One can also apply the Doppler boosting factors appropriate to each part of the jet segment and predict the apparent behavior of relativistic jet events. See R. M. Hjellming (2000, in preparation) for a more complete derivation and discussion.
In order to properly add relativistic e †ects to the equations of Hjellming & Johnston (1988) , one needs to allow for the Doppler factor D that relates the frequency l@ in the reference frame of the emitting regions to the frequency l seen by a distant observer. For approaching (]) and receding ([) components, moving with a velocity v \ bc at an angle h with respect to the observerÏs line of sight, the Doppler factor is
where is the Lorentz factor. Precession, or c L \ (1 [ b2) ~1@2 other e †ects that change the orientation of the jet axis, can make h, l, and thus D vary as a function of time t.
In addition, we include a number of features that are reasonable possibilities for transient jet ejection events. The Ðrst and most important addition is allowing the jet ejection to begin and end at the times and If z is theand
expresses the optical depth dependent correction for the circular cross section of the jet, using the simple formula for a relativistic plasma Ðlling the conical segment of the jet. For q [ 20, The Ñux density and optical depth m 2 (q) \ 1. scaling factors and are related to physical parameters S 0 q 0 by and q 0 \ 0.038g(c)(3.5 ] 109)cK 0 H 0 (c`2)@2 r 0 S 0 + Jy. The function g(c)1.08l 0,GHz 5@2 H 0,mG 1@2 c~3@2# 0,mas 2 0.96c~0.5 ] 0.0032c3 for 1 ¹ c ¹ 5. In the above equations, is a reference frequency, all of the dependencies on l 0 Doppler factors have been included, and the injection of relativistic particles at the base of the jet can be either "" sudden,ÏÏ at the beginning of the event, or continuous during the event.
It is important to note that in the optically thin limit of equations (5) and (6), the intensity along each jet segment is proportional to f~(7c~1)p@6 (see eqs.
[8] and [9] in°4.3.3), which means that the outermost portions of such a jet segment will be much weaker than the innermost portions, and, in the case of images with limited dynamic range, the outermost portions can be unobservable with respect to the noise.
If h \ i, the angle of the jet axis to the observerÏs line of sight, there are nine parameters in this Ðnite jet segment model for transient radio events ; however, if h varies with time, there will be additional parameters describing variations with respect to i (Hjellming & Johnston 1988) .
In these models the intrinsic emission would be symmetric for approaching and receding jets in their own reference frame. However, two e †ects make them asymmetric to a distant observer. The e †ect of the Doppler factor in the radiative transfer equations boosts the strength of the approaching jet relative to the receding jet, and the di †eren-tial travel time to the observer makes the observer see a "" younger ÏÏ receding jet and an "" older ÏÏ approaching jet. The degree of asymmetry depends only on b cos [h(t)], or b cos i for the models without precession or other motions about a mean axis. The Doppler boosting and age factors are clearly seen in the ejections from superluminal sources like GRS 1915]105 and GRO J1655[40 (Mirabel & 1994 ; Fender et al. 1999b ; Hjellming & Rupen Rodr• guez 1995) . Can a single Ðnite jet segment Ðt both the radio light curves and the radio morphology ? Concentrating Ðrst on the light curves, the spectral index a is [0.75 from the empirical Ðt. A value of p \ 0.75 is then required to get the t~1.9 time dependence of the optically thin decayÈthis value is between the p \ 0.5 for idealized energy-conserving deceleration and the p \ 1.0 for free expansion. The shape of the decay before and after the "" kink ÏÏ in the optically thin decay at 4.9 and 8.4 GHz, which occurs at MJD 51,437.23, sets the values of and t start \ 51,436.78, t stop \ 51,436.98, days. However, the existence of the t 0 \ z 0 /(bc) \ 0.40 "" kink ÏÏ itself is due to the o †set between the peaks in the radio light curve for the approaching and receding jets, an o †set which appears only where relativistic time delay e †ects are signiÐcant. It is this time delay, which deÐnes the kink relative to the peak, that requires b cos i \ 0.4 to Ðt the data, leading to the limits 0.4 ¹ b ¹ 1 and 0 ¹ i ¹ 66¡. The remaining parameters for the Ðnite jet segment model that give the best single-event Ðt to the radio light curves are listed in the second column of Table 3 . For each required combination of b and i, the parameters and S 0 M 0 are adjusted to get the best Ðt to the data. The remaining q 0 quantities in Table 3 are derived results from each model, including the redshifts
The single-event Table 3 for b \ 0.88 is the one used for the model light curves in Figure 2 . However, there is a range of models, all of which Ðt the constraint that b cos i \ 0.4, which are nearly as good, with the best having b between 0.84 and 0.92. For b ¹ 0.76, the models have too much separation for the constraints of the 4.9 and 8.4 GHz data, whereas for b º 0.96, the models are too high for the early data.
The Ðt of the model to the data in Figure 2 is reasonable, except for two major discrepancies : the initial 1.4 GHz data points and all four 843 MHz points are considerably above the single-event model prediction, and the predicted separation of approaching and receding jets is not seen in the images on and after 17.94 UT. Instead, there is a slowly decaying optically thin remnant at the position of probable jet ejection. The September 16 images and the kink in the light curves call for the ejection of a Ðnite jet segment ; but, the optically thin remnant is more naturally produced by a more slowly decaying jet segment. In the next section, we show that this two-component model can indeed Ðt both the radio light curves and all of the radio images. images dominated by the optically thin remnant. The separate contributions of the jet segment event and the optically thin, decaying remnant are shown in Figure 7 only for 843 MHz.
SS 433, which is the source for which the continuous conical jet model was primarily discussed by Hjellming & Johnston (1988) , mostly shows steady radio emission with a constant spectral index. However, on an average of about 4 times a year SS 433 shows Ñares which can be Ðtted by the Ðnite jet segment model discussed by R. M. Hjellming (2000, in preparation) . In the context of the continuous and jet segment models, this requires only a Ðnite period of time in which the amount of synchrotron-radiating plasma is enhanced. In this context the decaying, optically thin remnant can be produced by a jet segment of synchrotronradiating plasma which is optically thin at all observed radio frequencies. The Ñux density is then given by the optically thin limit for equations (5) and (6),
for and t ¹ t stop ,
for There is nothing in the observed data to indit º t stop . cate when the optically thin jet ejection began, but some association with the ejection of the highly relativistic jet segment is reasonable. In plotting the model in Figure 7 , we have therefore assumed that a linear increase from 0 to the optically thin decay formula takes place between MJD 51,436.32 and 51,436.82. The same model is also plotted in the bottom panel of Figure 1 . The parameters of equations (8) and (9) cannot be determined when only an optically thin decay is observed, but an optically thin power-law decay, such as is inferred for the "" second event,ÏÏ is predicted by these equations for
The primary requirement for t º t stop . the di †erence in the two components is that for the "" second component ÏÏ be much larger than the 0.4 t scale \ z 0 /(bc) days for the fast, superluminal jet because then the apparent motion per unit time will be much less. Note that this can be obtained by any combination of a larger and a smaller b. z 0 The parameters in this two-component model are not uniquely determined, but they are consistent with all the radio data and also with the observed images. This can be seen in Figure 8 , where we show the jet proÐles obtained from the same model used in Figure 7 , smoothed by a Gaussian with a half-power width of Figure 8a shows 0A .15. the 4.9 GHz prediction as a function of time for the earlier epochs, with the thick dark line representing the structure proÐle at 16.02 UT. Figure 8b illustrates the predicted 14.9 GHz emission at later epochs, with the thick dark line representing the structure proÐle at 17.94 UT. At 16.02 UT the sum of the Ñux densities of the approaching jet and the optically thin remnant is about the same as the Ñux density from the approaching jet, but because of the more rapid, free expansion decay of the jets, by 17.94 UT the optically thin remnant dominates the radio emission in the model. This is in reasonable agreement with the imaging results in Figure 5 , particularly since the dynamic range of the image of the weak source in Figure 5c is only about a factor of 5. In Figure 8 one can see the progression of outward motion for the approaching (to the right) and receding (to the left) jet, and their faster decay relative to the stationary, optically thin remnant.
CONCLUSIONS
Only 16 hr after 1999 September 15.395 UT, when the strong rise to 12 crab Ñux units was detected by the RXT E ASM, VLA imaging shows that the radio source associated with V4641 Sgr was elongated and large, with a total extent of roughly Within 1.9 days this extended structure 0A .25. becomes too weak to be detected, leaving behind a marginally resolved, stationary remnant which slowly decayed over the following month. The rapid expansion, the strong Ñux density at all wavelengths, and the H I absorption spectrum all indicate a distance of d B 0.5 kpc. Both the detailed radio light curves and the VLA images at all times are well Ðtted by the combination of a relativistic, freely expanding jet and a residual, much more slowly decaying jet. Finite jet segment models indicate that the true twin-jet ejection velocity was v^0.85c, with the approaching jet being superluminal with
The most probable value v apparent^1
.4c. of apparent proper motion of v^1.04c (see°4.2) occurs because the observed source is a combination of the approaching jet, the receding jet, and the relatively stable, optically thin remnant. V4641 Sgr is thus the closest superluminal jet source yet seen.
The jet model gives an initial ejection date of September 15.32 UT, very close to the beginning of the strong X-ray emission, while the X-rays were already becoming harder. This may have occurred because the mildly relativistic electrons involved in the inverse Compton scattering o † soft X-rays, to produce hard X-rays, were ejected from the accretion disk environment. Jet outÑows perpendicular to the accretion disk have been discussed by Blandford & Payne (1982) and Blandford & Begelman (1999) , and it is in these outÑows that the relativistic electrons are accelerated to the higher energies needed for the observed synchrotron emission. Such jet outÑows may always be associated with the accretion disk ; in this picture, the transfer of the mildly relativistic electrons from a stable "" corona ÏÏ above the accretion disk to the jet outÑows is the underlying cause of transient radio emission events. This close relationship of jet and "" corona ÏÏ is discussed for the case of GX 339[4 by Fender et al. (1999a) . The optically thin, decaying radio emission seen in the remnant after the extended jet emission vanished probably implies that the initial highly relativistic ejection event was followed by (or accompanied) a slower outÑow of relativistic electrons and magnetic Ðelds.
The association of initial, extremely fast jets with a more slowly decaying compact remnant has been observed before in one other X-ray transient, XTE J0421]560 (\CI Cam ; R. M. Hjellming et al. 2000, in preparation) . This was detected in the radio in association with a comparably brief X-ray event in 1998 April (Ueda et al. 1998 ; Belloni et al. 1999 ) and also had a weak but resolved jet due to relativistic jet ejection. Unlike V4641 Sgr, CI CamÏs radio remnant was almost undoubtedly due to a strong interaction of secondary ejected material with external gas, somewhat analogous to a supernova ; the resulting remnant, expanding at D600È 1000 km s~1 (A. J. Mioduszewski et al. 2000, in preparation) , remained an easily detectable radio source more than a year later. In the case of V4641 Sgr, the same secondary ejection of material seemed to occur ; but, without the deceleration by a surrounding dense wind, there was no additional shocking to produce further relativistic particles and consequent long-lived radio emission.
The extremely rapid evolution of the radio, optical, and X-ray events for V4641 Sgr on 1999 September 15È16 raises the question whether such brief events are often missed for other objects. The timescale of a few hours is in the range between the short interval for c-ray bursters and the much longer interval for most of the known X-ray transients. Similarly, it is not clear whether the optical precursor to the main X-ray Ñare is unique to this source or a general feature which has been missed elsewhere due to poor optical coverage.
